In this paper, we report a new and generic method for all-dielectric resonators operating at terahertz (THz) frequencies based on polymer/ceramic composite particles. In this method, the polymer solution is added into ceramic powders (strontium titanate) and prilling technology is employed to make them become polymer/ceramic composite micro particles. The prepared micro particles are then assembled as single-layer all-dielectric resonators. By using a THz time-domain spectrometer, we find that various Mie resonances can be induced in these all-dielectric resonators. It is also demonstrated that the permittivity of the composite particles can be improved by being sintered at proper temperatures, thereby provides a new way for ceramic all-dielectric resonators in THz range. This method, free from complex process, time-consuming, expensive equipment, and clean room, provides a generic method for high-throughput and low cost THz all-dielectric resonators, which is promising for developing potential applications in wide-bandwidth THz devices.
Introduction
Metamaterials (MMs) are artificially structured composites that can be designed to exhibit exotic phenomena which usually cannot be found in natural materials [1] - [4] . Based on MMs, considerable applications like invisibility cloak [5] , superlens [6] , perfect absorber [7] , ultrathin lens [8] - [10] , sensors [11] , [12] , modulator [13] , [14] , and so on, have been demonstrated. This is why MMs have become a hotspot research in the area of electromagnetic field. Usually, MMs can be classified into two classes according to their component materials. The first one is metallic MMs, which are based on the plasma resonances in subwavelength metallic structures [5] - [7] . During the past years, these MMs have been investigated widely and a great progress has been made. However, when used in practical applications, these MMs still suffer from some disadvantages. For example, the efficiency of these metallic MMs based optical devices is usually hindered by serious Ohmic loss in the optical range [15] - [17] or their very narrow bandwidth resonant modes [18] . Another one is all-dielectric metamaterials (ADMMs), which are made of dielectric materials with high permittivity and low loss. Compared to metallic MMs, ADMMs are based on the Mie resonances in dielectric particles. As a result, ADMMs provide a new platform for high-efficient optical devices, which makes them become the current hotspot [19] - [30] . Recently, increasing attention has also been focused on ADMMs devices used for THz wave [31] - [37] , which is a special and important range that has considerable applications in biomedical imaging, communication, security and spectroscopic characterization.
The key to ADMMs operating in THz range is fabricating subwavelength dielectric resonators that are made of high-permittivity and low-loss dielectric materials. Usually, the reported resonators in THz range can be divided into two main classes. The first category is made of ceramic materials such as strontium titanate (Sr Ti O 3 ) and titanium dioxide (Ti O 2 ), which can be fabricated by laser etching method and spray granulation, respectively [31] , [32] . Another type is made of silicon, which has moderate high permittivity and low loss in this range [33] - [37] . This class can be easily fabricated by microfabrication technologies like silicon deep etching method, which has been reported by several groups [38] . Up to date, however, there are few reports focused on resonators made of composite, which may provide more freedom for ADMMs in THz range.
Herein, we propose a new and generic method for THz resonators based on polymer/ceramic composite particles. In this method, the polymer solution (polyvinyl alcohol (PVA)) is added into ceramic powders (strontium titanate) and prilling technology is employed to make them become polymer/ceramic composite micro particles. And the prepared micro particles are assembled as single-layer all-dielectric resonators. By using THz time-domain spectrometer, we demonstrate that Mie resonances can be induced in these resonators. It is also demonstrated that the permittivity of the composite particles can be improved by being sintered at proper temperatures, thus provides a new way for micro ceramic particles all-dielectric resonators, which can be used to fabricate all-dielectric metamaterials device. Although this method can only lead to thin films with random nanoparticle sizes and distributions, the inhomogeneity of the micro particle size distribution can also help to develop wide-bandwidth THz devices, such as broadband absorber, which is highly desired for some practical applications.
Design and Fabrication
The material used in our study for ADMMs is polymer/ceramic composite. The fabrication process flow can be seen in Fig. 1 , where four steps are needed. Firstly, the ceramic powders are placed on a mortar, as shown in Fig. 1(a) . In our study, strontium titanate powders with a weight of 100 g are used due to its high permittivity and active properties (for example, the permittivity of Sr Ti O 3 is sensitive to temperature and voltage). Secondly, 5ml 5.0 wt% polyvinyl alcohol (PVA) solution (aqueous) is added into the powders. Next, conventional prilling technology is employed to make them become polymer/ceramic composite micro particles ( Fig. 1(b) ). This process takes about an hour. Then, the polymer/ceramic composite micro particles are put into oven for an hour to remove the water. After that, by using proper sieves, nearly uniform micro particles are obtained ( Fig. 1(c) ). Finally, the micro particles are adhered to the polyimide (PI) tape and a single-layer all-dielectric metamaterial is achieved ( Fig. 1(d) ). It is worth mentioning that this fabrication is free from complex process, time-consuming, expensive equipment and clean room, making it a low-cost method.
We use several sieves to obtain nearly uniform micro particles with proper size. The first kind of micro particles has a grain size of ∼ 160μm, which is obtained by using 90 and 100 mesh sieves. The second kind of micro particles has a grain size of ∼ 200μm, which is obtained by using 70 and 80 mesh sieves. The micro particles are then employed to prepare two single-layer all-dielectric resonators, namely sample A and sample B, respectively. In the preparation, the micro particles are adhered to the 50 thickness PI tapes to realize single-layer all-dielectric resonators, whose photographs are shown in Fig. 2(a) and Fig. 2(b) , respectively. The corresponding microscope images for the sample A and sample B are provided in Fig. 2(c) and Fig. 2(d) , where singlelayer micro particles can be observed. It should be noted that the shapes of the particles are not very uniform. To characterize these two samples better, we obtain the corresponding particle size distribution. In the microscope photographs, we determine the irregular spherical particle longest diameter d 1 , and shortest diameter d 2 , respectively. Finally, we can assume the particle is a spherical particle with a radius (d 1 + d 2 )/2. For sample A, four different areas are considered and the obtained particle size distribution is shown in Fig. 2(e) . From this figure, one can find the average grain size for this sample is about 160μm. In addition, we also obtain the filling rate of these particles, which is about 45 %. For sample B, the particle size distribution is shown in Fig. 2(f) . The average grain size for this sample is about 200μm and the filling rate of these particles is about 35 %.
Experimental Measurement Results
In the measurement, the prepared samples are characterized by a terahertz time-domain spectroscopy (THz-TDS system, Tsinghua University, Beijing, China). In such system as shown in Figure 3 , an 800nm wavelength titanium-doped-sapphire laser is utilized to generate pulses. The laser is split into two beams (which are pump and probe beams, respectively). The pump beam is coupled to photoconductive antennas to generate THz, which coaxially illuminates on an electrooptic crystal with probe beam. Finally, fourier transform of the time domain signal is applied to obtain transmittance spectra. The measured results for sample A and sample B are provided in Fig. 4(a) and Fig. 4(b) , respectively. From these pictures, it can be found that several resonance dips, both for sample A and sample B, can be observed ranging from 0THz to 0.45THz. Quantitatively, as for sample A, the first resonance dip locates at 0.21THz while the second one locates at 0.38THz. As for sample B, the first dip appears at 0.17THz while the second one appears at 0.32THz. That is to say, the transmission dips move to high frequencies when the size of particles decreases. This phenomenon is coincident with Mie theory.
Through the simulations, we can give an insight into these dips. We assume that the particles are spherical dielectric particles with a radius r and relative permittivity of ε p . According to the previous work [39] , the frequency of the first magnetic mode (for spherical particles) can be expressed as ω=c/2nr. Applying this relationship to sample A, one can obtain that the relative permittivity of ε p is about 80. We apply this predicted permittivity to sample B and find that the first resonance frequency is coincident with the calculated one using the same relationship of ω=c/2nr. As a result, the relative permittivity of the composite is set as 80. For comparison, simulations based on commercial software, CST Microwave Studio, are performed to simulate the response of the fabricated resonators. In the simulations, according to the particle size distribution and filling rate, we assume that sample A is a metasurface composed of uniform spheres with a diameter of 160μm and a periodic constant of 210μm while sample B is another metasurface composed of uniform spheres with a diameter of 200μm and a periodic constant of 300μm. The permittivity and loss tangent of PI is 3.0 and 0.001 [40] , respectively. The simulation results are shown in Fig. 4(c)-(d) , where the simulation and measured results show good agreement: remarkable transmission dips are observed and the frequencies decreases when the size of particles increases. To give a deep insight to these transmission dips, simulated electric field intensity at the E-k plane is plotted in the insets, where one can determine that the first two transmission dips correspond to the first magnetic Mie resonance and the first electric Mie resonance, respectively. It is worth mentioning that the resonances dips in simulation results are much sharper than those in measurement because the particles in experiment are not ideal spheres and the gain size is not very uniform. To explain this phenomenon better, simulation is carried out to investigate the effect of the non-uniformity on the transmission of sample A. In the simulation, the particles are treated as spheres with the same size distribution and filling rate to ones in experiment. The results are shown in Fig. 5 , where the case that gain size is uniform is also provided for comparison. As plotted in this figure, when the particles are nonuniform, the resonance strength is decreased and the bandwidth is broadened. In addition, the non-spherical shapes of the particles can also broaden the resonances [41] , [42] . This is why the resonances dips in simulation results are much sharper than those in measurement.
As demonstrated above, the composite particles can exhibit Mie resonances due to its high permittivity. To further improve the permittivity, one can use sintering process at proper temperatures. With this process, the composite particles would become micro ceramic particles with higher permittivity, which can also be used to support Mie resonances in THz range. In our study, the composite particles are sintered at 1400
• C for 4 hours by using a Nabertherm furnace (LTH 08/17, Nabertherm, Germany). The photogragh and microscope pictures of the sintered particles are shown in Fig. 6(a) and Fig. 6(b) , respectively. One can see that the size of the sintered particles is about 70μm. Assume that the permittivity of the Sr Ti O 3 is 300 and the loss tangent is 0.02, respectively [43] . The simulated transmission is shown in Fig. 6(c) , where a remarkable resonance dip can be observed at 0.25THz and a weak resonance dip can be found at 0.35THz. These two resonance dips can be determinded as the first two Mie resonances, namely magnetic resonance and electric resonance. Using a THz-TDS system (Daheng New Epoch Technology, Inc. Beijing, China), the measured result is provided in Fig. 6(d) , where a strong resonance dip (the first Mie resonance) appears at 0.21THz. Good agreement can be obtained between measured and simulated results for the first resonance. However, the second resonance dip can hardly be observed in the experiment. This is beacuse the second resonance is weak. Meanwhile, the sintered particles are non-uniform ones that would broaden the resonance. It is worth mentioning that the permittivity of Sr Ti O 3 will decrease with the temperature increases. As a result, when the temperature increases, the induced resonances can be thermally tuned.
At this point, we have demonstrated the feasibility of the proposed method for all-dielectric resonators operating in THz range. The proposed method has some advantages such as high throughput and low cost. In addition, it is worth mentioning that this method is a generic one that can be extended to other polymer/high-permittivity ceramic composite systems, which offer considerable freedom for all-dielectric metamaterials in THz. It can also be extended to other active polymer/ceramic composite, in which the ceramic materials can include ferroelectric (such as barium strontium titanate (BST)), ferromagnets and phase change materials vanadium dioxide (VO 2 ). Usually, the frequencies of the induced resonances depend on the optical dimension of the resonators, i.e. on their complex permittivity and geometry. Because the permittivity of Sr Ti O 3 strongly depend on the temperatures for softening of the ferroelectric soft mode, it is interesting to explore the thermal tunability of the fabricated metamaterial. This is our next work. It is worth mentioning that although the gain size of these micro particles is not very uniform compared to the ones in previous works on THz all-dielectric metamaterials [31] , [32] . However, the inhomogeneity of the micro particle size distribution can also help to develop wide-bandwidth THz devices, such as broadband absorber, which is highly desired for some practical applications. Finally, the proposed composite for all-dielectric resonators can also extended to other functional compiste system [44] - [48] .
Conclusion
A high-throughput and low-cost method for THz all-dielectric resonators based on polymer/ceramic composite particles has been proposed and experimentally demonstrated. Single-layer all-dielectric resonators have been prepared and demonstrated to support various Mie resonances in THz range. It is also demonstrated that the permittivity of the composite particles can be improved by being sintered at proper temperatures, thus provides another way for micro ceramic particles all-dielectric metamaterial in THz range. This method, free from complex process, time-consuming, expensive equipment and clean room, provides a generic method for high-throughput and low cost terahertz all-dielectric metamaterials, which would find potential applications in THz devices.
